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The coevolution of ticks and the pathogens that they transmit has ensured their mutual survival. In these studies, we used a functional genomics
approach to characterize tick genes regulated in response to Anaplasma marginale infection. Differentially regulated genes/proteins were
identified by suppression-subtractive hybridization and differential in-gel electrophoresis analyses of cultured IDE8 tick cells infected with A.
marginale. Nine of 17 of these genes were confirmed by real-time RT-PCR to be differentially regulated in ticks and/or IDE8 tick cells in response
to A. marginale infection. RNA interference was used for functional studies. Six genes, which encode putative selenoprotein W2a, hematopoietic
stem/progenitor cells protein-like, proteasome 26S subunit, ferritin, GST, and subolesin control, were found to affect A. marginale infection in
IDE8 tick cells. Four genes, which encode putative GST, salivary selenoprotein M, vATPase, and ubiquitin, affected A. marginale infection in
different sites of development in ticks. The results of these studies demonstrated that a molecular mechanism occurs by which tick cell gene
expression mediates the A. marginale developmental cycle and trafficking through ticks.
© 2007 Elsevier Inc. All rights reserved.Keywords: Tick; Anaplasma marginale; RNA interference; IDE8 cellsTicks transmit protozoan, rickettsial, and viral pathogens that
impact both human and animal health [1,2]. Of these tick-borne
pathogens, those belonging to the genus Anaplasma (Rick-
ettsiales: Anaplasmataceae) are obligate intracellular organisms
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doi:10.1016/j.ygeno.2007.08.009cytoplasm of both vertebrate and tick host cells [3]. The type
species, Anaplasma marginale, causes the economically
important cattle disease anaplasmosis [3]. In the United States,
A. marginale is vectored by Dermacentor variabilis, D.
andersoni, and D. albipictus [3,4], while the one-host cattle
ticks, Rhipicephalus (Boophilus) microplus and R. annulatus,
are the main vectors in tropical and subtropical regions of the
world [3].
The ticks and the pathogens that they transmit have
coevolved molecular interactions that ensure their survival
[5]. Pathogen multiplication, development, and subsequent
transmission to vertebrate hosts are perfectly coordinated with
the tick feeding cycle. The life cycle of A. marginale in the tick
713J. de la Fuente et al. / Genomics 90 (2007) 712–722vector is complex and coordinated with tick feeding cycles [6–
8]. Bovine erythrocytes infected with A. marginale are ingested
by ticks in the bloodmeal and the first site of infection in ticks is
gut cells, after which many other tick tissues become infected.
Infection of salivary glands occurs during a subsequent feeding
from where transmission is effected. The first form of A.
marginale seen within colonies at each site of development is
the reticulated (vegetative) form that divides by binary fission
and results in formation of large colonies that may contain
hundreds of organisms. The reticulated form then transforms
into the dense or infective form, which can survive for a short
time outside of cells.
At the tick-pathogen interface, A. marginale outer
membrane proteins important for infection of ticks cells
have been identified and partially characterized [5,9].
However, the expression of tick genes/proteins that facilitate
A. marginale infection and multiplication has not been well
described [10].
Herein, we studied molecular tick-pathogen interactions of
A. marginale. In this study, we used a functional genomics
approach to identify and characterize tick genes/proteins that are
differentially regulated in response to A. marginale infection
and that facilitate the trafficking of the pathogen from infection
of gut cells through infection and transmission from salivaryTable 1
Genes identified by SSH as differentially regulated in A. marginale-infected IDE8 t
EST Sequence identity Up- or down-regu
in infected cells
1I1B12 Rhipicephalus appendiculatus
(CD784193)
Up
1I1E11 R. appendiculatus (TC9) Up
1I1H6 Aedes aegypti (TC62463) Up
1I2G6 Ixodes pacificus (AY674238) Up
1I3A8 Boophilus microplus (TC3882) Up
1I3F5 Ixodes scapularis (DN970416) Up
1I3H6 Amblyomma variegatum (BM290841) Up
1I3H10 B. microplus (CK179161) Up
1I4C6, 1I4B3,
2I5A3
A. aegypti (DQ440373) Up
1I4G12 Tetraodon nigroviridis (CR731610) Up
1I5B9 I. scapularis (DQ066115) Up
2I1E4 I. pacificus (AY674285) Up
2I1F6 I. scapularis (DQ066253) Up
2IP10 Taeniopygia guttata (DQ216245) Up
2I2A7 Synthetic construct (AY461597) Up
2I2G2 Ixodes ricinus COII (AY945419) Up
2I3A3 I. ricinus (AY333957) Up
2I3A7 I. pacificus (AY674286) Up
2I3A9, 2I3D7 Spodoptera frugiperda (AJ508907) Up
2I3G1 Rattus norvegicus (XM_226439) Up
2I3G10 Haemaphysalis longicornis (AB020491) Up
2I4D3, 2I1C2 Homo sapiens (BC057397) Up
2I4F6 I. scapularis (DQ066085) Up
U1C8 Haliclona rubens (AY226061) Down
U1D2 I. scapularis (AY682794) Down
UP8, U3H10 I. scapularis (AY277906) Down
U2A8, U3H12 I. scapularis (DQ066337) Down
U2D4 Gadus morhua (AY281321) Down
U3A10 Homo sapiens CW-1 (U56255) Downglands. These results are a fundamental contribution toward the
understanding of the A. marginale-tick interface and will likely
contribute to the development of a new generation of pathogen
transmission-blocking vaccines designed to prevent transmis-
sion and reduce exposure of vertebrate hosts to tick-borne
pathogens.
Results
Differential gene regulation in A. marginale-infected IDE8 tick
cells and ticks
Genes differentially regulated in response to A. marginale
infection were identified by suppression-subtractive hybridiza-
tion (SSH) in infected and uninfected IDE8 tick cell cultures.
The sequence analysis of 455 clones identified from the SSH
libraries resulted in 332 (73%) clones without identity to
published sequence databases, 86 (19%) clones containing A.
marginale rRNA sequences, 2 (0.4%) clones with vector
sequences, and 35 (7.6%) clones with identity to sequences
published previously (Table 1). Of these 35 clones, 27 were up-
regulated in A. marginale-infected cells and 8 were down-
regulated in infected IDE8 tick cells (Table 1). Gene ontology
assignments showed that the differentially regulated genesick cells
lated E value Short description
1.8×e−42 Phenylalanyl-tRNA synthetase β chain (PheRS),
similar to Drosophila AY052086
2.2×e−12 Cytochrome b
4.2×e−9 Glutathione S-transferase
8×e−12 Function unknown
6.9×e−23 Selenoprotein W2a, weakly similar to AY221261
2×e−93 Ubiquitin
2.2×e−14 Function unknown
1.4×e−28 Function unknown, weakly similar to AY058365
4×e−59 vATPase, H+ transporting lysosomal vacuolar
proton pump
3×e−97 Function unknown
6×e−169 Ixodegrin-2A RGD-containing protein
2×e−17 Cytochrome c oxidase polypeptide VIII
7×e−104 Hematopoietic stem/progenitor cells protein-like
3×e−119 Ubiquitin C variant 5-like
4×e−13 Arsenic-like protein
1×e−96 Cytochrome c oxidase subunit II
2×e−137 ã-Actin-like protein
6×e−73 NADH-ubiquinone oxidoreductase
1×e−48 Allatotropin
7×e−14 Proteasome (prosome, macropain) 26S subunit,
non-ATPase, 7
7×e−10 Cathepsin L-like cysteine proteinase B
1×e−46 Heat shock protein 70
6×e−138 Salivary selenoprotein M
6×e−49 β-Tubulin
9×e−116 R2 retrotransposon reverse transcriptase-like
0.0 Ferritin
8×e−104 Signal sequence receptor δ
2×e−21 Sec61 γ subunit
5×e−166 Mouse Tctex-1 (t complex sterility protein) homolog
714 J. de la Fuente et al. / Genomics 90 (2007) 712–722encoded proteins involved in cellular functions such as cell
structure, metabolism, stress, immunity, and enzymatic pro-
cesses (Table 1). Redundant (not unique) sequences were
identified for 3 genes up-regulated in infected tick cells
containing sequences identical to lysosomal vacuolar ATPase
(vATPase), allatotropin, and heat-shock protein 70 and for 2
genes down-regulated in infected cells encoding putative
ferritin and signal sequence receptor δ (Table 1).
While real-time RT-PCR analysis was attempted on all
candidate differentially regulated genes with identity to
sequence databases (Table 1), conditions were established for
only 17/29 (59%) of the unique IDE8 tick cell sequences. The
results of real-time RT-PCR were similar to the SSH analysis
and confirmed by statistical analysis differential expression of 9
genes in A. marginale-infected IDE8 tick cells (Fig. 1A). These
genes encoded putative glutathione S-transferase (GST)
(1I1H6), selenoprotein W2a (1I3A8), polyubiquitin (1I3F5),
vATPase (1I4C6), hematopoietic stem/progenitor cells protein-
like (2I1F6), γ-actin-like protein (2I3A3), proteasome 26S
subunit (2I3G1), salivary selenoprotein M (2I4F6), and ferritin
(UP8) (Fig. 1A). For the other 8 genes, mRNA levels were not
significantly different between infected and uninfected tick cells
(Fig. 1A).
To expand these differential gene expression results to tick
species that are natural vectors of A. marginale, primers
designed for IDE8 tick cell sequences were tested with RNA
from uninfected and A. marginale-infected D. variabilis and R.
microplus. We anticipated that many of the primers designed
using the IDE8 tick cell sequences would not work with other
tick species in RT-PCR studies. Therefore, homologues were
identified for some of the differentially regulated genes in D.
variabilis (GST (1I1H6) and ferritin (UP8)) and R. microplus
(GST (1I1H6), ferritin (UP8), and selenoprotein M (2I4F6))
sequence databases and their expression was tested in
uninfected and A. marginale-infected ticks. In D. variabilis,
positive RT-PCR results were obtained for five genes encoding
putative GST (1I1H6), ferritin (UP8), protein of unknown
function (1I3H6), ubiquitin (1I3F5), and signal sequence
receptor δ (U2A8), which revealed tissue-specific differences
between gut and salivary gland expression levels (Fig. 1B). As
expected, tick-to-tick variations in mRNA levels affected the
statistical significance in some samples. Nevertheless, statisti-
cally significant differences were observed for ferritin (UP8)
and protein of unknown function (1I3H6) mRNA levels in guts
and for ubiquitin (1I3F5) in the salivary glands, which
corroborated the differential expression of these genes in A.
marginale-infected D. variabilis (Fig. 1B). While GST (1I1H6)
and selenoprotein M (2I4F6) were differentially expressed in R.
microplus salivary glands, only GST (1I1H6) mRNA levels
were significantly higher in uninfected ticks (Fig. 1C).Fig. 1. Differential mRNA expression in A. marginale-infected IDE8 tick cells and tic
independent cultures each; genes up-regulated in infected (black bars) and uninfected
glands (white bars) (three groups of 10 ticks each), and (C) pooled male R. microplu
(black bars) and uninfected (white bars) ticks are shown). Bars represent average+SD
the comparative Ct method. mRNA levels were compared between infected and uninProteomics analysis of A. marginale-infected and uninfected
IDE8 tick cells
The proteome of IDE8 tick cells was compared between
uninfected and A. marginale-infected cells by differential in-gel
electrophoresis (DIGE) (Fig. 2). Protein spots with greater than
twofold change between infected and uninfected cells were
subjected to matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry (MS)/MS analysis
(Table 2). Of the 17 proteins analyzed, 7 (41%) were from A.
marginale, 7 (41%) could not be identified, and 3 (18%) were of
tick origin and had homology to sequence databases (Table 2).
Of the differentially regulated tick proteins, only 1, homologous
to translation elongation factor 1γ, was up-regulated in infected
cells. Proteins homologous to GST and a putative high-mobility
group-like protein were down-regulated in infected tick cells.
Functional role of differentially regulated genes in ticks and
IDE8 tick cells infected with A. marginale
The nine genes that were corroborated by real-time RT-PCR
to be differentially regulated in A. marginale-infected IDE8 tick
cells (Fig. 1A), which included one encoding a putative GST
protein that was also identified by proteomics, were selected for
functional analysis. RNA interference (RNAi) was used to
evaluate the effect of silencing differentially regulated genes on
A. marginale infection and multiplication in D. variabilis ticks.
After RNAi, mRNA levels were reduced (pb0.05) after
transmission feeding (TF) for GST (1I1H6) (100±0.0 and
100±0.4% silencing in guts and salivary glands, respectively)
and for salivary selenoprotein M (2I4F6) (100±0.0 and 74±
25% silencing in guts and salivary glands, respectively). For
other genes, either silencing of expression was not statistically
significant compared with control ticks or real-time RT-PCR
conditions could not be established for D. variabilis. Although
RNAi was demonstrated in ticks with dsRNA from hetero-
logous tick species [11], the sequence identity may not have
been sufficient for efficient RNAi in D. variabilis with some of
the IDE8 tick cells-derived dsRNAs.
The effect of RNAi of selected genes on D. variabilis tick
attachment and mortality was determined and analyzed
statistically. Tick attachment was affected (αb0.01) in ticks
injected with dsRNAs of putative GST (1I1H6; 50% attach-
ment) and selenoprotein W2a (1I3A8; 55% attachment)
compared to the saline-injected controls (97% attachment).
Tick mortality was significantly higher (αb0.01) after acquisi-
tion feeding (AF) for ticks injected with dsRNAs of putative
ubiquitin (1I3F5; 74% mortality) and γ-actin-like protein
(2I3A3; 53% mortality) compared to saline-injected controls
(9% tick mortality).ks. Real-time RT-PCR was done on uninfected and infected (A) IDE8 cells (three
(white bars) cells are shown), (B) maleD. variabilis guts (black bars) and salivary
s salivary glands (two independent experiments; genes up-regulated in infected
mRNA ratios. mRNA levels were normalized against tick β-actin (ACT) using
fected ticks and IDE8 tick cells by Student's t test (*p≤0.05).
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Fig. 2. A representative 2D map of DIGE analysis of proteins in uninfected and A. marginale-infected IDE8 tick cells. Overlaid images of Cy5- and Cy3-labeled
proteins from infected (red) and uninfected (green) cells, respectively. Differentially regulated proteins, including those analyzed using a MALDI-TOF/TOF mass
spectrometer, are numbered (Table 2).
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different stages of A. marginale infection of D. variabilis ticks
(Table 3). Silencing the expression of genes encoding putative
ubiquitin (1I3F5), vATPase (1I4C6), selenoprotein M (2I4F6),
and GST (1I1H6) resulted in statistically significant differences
in A. marginale infection levels compared to saline-injected
controls (Table 3). In ticks in which the expression of putative
GST was silenced, A. marginale infection was inhibited both in
tick guts after AF and in salivary glands after TF. However,
those pathogens that infected the ticks after AF were able to
multiply in the guts during TF. When putative vATPase
expression was silenced, A. marginale infection was inhibited
in tick guts after AF but the pathogens were still able to infect
and multiply in the salivary glands after TF. The RNAi of
salivary selenoprotein M expression resulted in the inhibition of
pathogen infection and/or multiplication in tick salivary glands
after TF. Targeting the expression of the putative ubiquitin also
inhibited A. marginale gut infection but the effect during TF
could not be analyzed due to the high tick mortality. As reported
previously [10], subolesin RNAi affected the infection of tick
salivary glands after TF. As commonly reported, tick-to-tick
variations in the A. marginale infection levels in guts and
salivary glands were found (Table 3).
RNAi was done on cultured IDE8 tick cells infected with A.
marginale to characterize the effect of differentially regulatedgenes on the multiplication of A. marginale. The effect of
RNAi on A. marginale infection of IDE8 tick cells was not
analyzed because a tick cell-free inoculation of cells could not
be produced and infection by bovine erythrocytes, requiring
several weeks to establish infections, would not provide
consistent culture conditions [12]. Silencing of gene expression
was demonstrated for 7 of the 10 sequences analyzed (Table 4).
Of them, two genes encoding putative selenoprotein W2a
(1I3A8) and hematopoietic stem/progenitor cells protein-like
(2I1F6) produced significantly higher A. marginale infections
as determined by major surface protein 4 (msp4) mRNA levels
with respect to the controls after RNAi (Table 4). The
knockdown of genes encoding putative proteasome 26S sub-
unit (2I3G1), ferritin (UP8), GST (1I1H6), and subolesin
(positive control) resulted in significantly lower A. marginale
msp4 mRNA levels, and RNAi silencing of putative vATPase
(1I4C6) did not affect msp4 mRNA levels in treated cells
(Table 4).
Summary of results of differential regulation and functional
analyses in IDE8 tick cells and ticks in response to
A. marginale infection
In the study reported herein, we characterized the tick cell
response to infection with A. marginale at the mRNA and
Table 2
Differentially regulated proteins between A. marginale-infected and uninfected IDE8 tick cells identified by 2D-DIGE and MALDI-TOF/TOF mass spectrometry
Spot
number a
Fold
change
(I/C) b
Protein ID c Up- or down-
regulated in
infected cells b
Accession
number d
Matched
peptides
Sequence
coverage
(%)
Ion
score
Ion
score
CI (%)
1 2.13 No ID Up
2 1.50 ND Up
3 14.42 A. marginale 60-kDa heat-shock protein Up 27901660 2 5 97 100
4 1.50 ND Up
5 4.65 No ID Up
6 1.83 ND Up
7 2.35 Bombyx mori translation elongation factor 1γ Up 12328431 1 3 44 76.64
8 7.28 A. marginale translation elongation factor Tu Up 56417005 4 15 173 100
9 2.27 No ID Up
10 3.04 No ID Up
11 4.21 A. marginale major surface protein 2 Up 56417171 2 6 78 99.99
12 −2.10 No ID Down
13 1.83 ND Up
14 239.54 A. marginale major surface protein 4 Up 56404202 6 26 413 100
15 33.26 No ID Up
16 2.36 No ID Up
17 21.08 A. marginale major surface protein 4 Up 56404202 8 36 565 100
18 11.33 A. marginale major surface protein 4 Up 56404192 2 9 137 100
19 −2.16 Haemaphysalis longicornis glutathione
S-transferase
Down 34539115 4 20 227 100
20 −1.78 ND Down
21 −2.25 Dermacentor variabilis putative HMG-like protein Down 29825377 3 16 93 100
22 6.03 A. marginale transcriptional regulator Up 23168766 6 44 503 100
23 1.45 ND Up
24 −1.52 ND Down
a Spot numbers refer to the 2D gel proteins of interest that were analyzed by mass spectrometry (Fig. 2).
b Determined with respect to A. marginale-infected cells. Positive and negative values correspond to up- and down-regulated proteins in infected tick cells,
respectively.
c Abbreviations: No ID, no matching protein was found; ND, not done because only spots with fold change N2 were analyzed; I, infected tick cells; C, control tick
cells.
d Protein name and accession number are listed according to the NCBI nr database.
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molecules during A. marginale infection and multiplication in
ticks and cultured IDE8 tick cells. Of the 472 molecules (455
from SSH and 17 from DIGE analyses) that were identified as
candidates for differential regulation in A. marginale-infected
IDE8 cells, 38 (representing 31 unique sequences) had identity/
homology to nucleotide and protein sequence databases. Of
these, 17 were analyzed by real-time RT-PCR and 9 were
confirmed to be differentially regulated in response to A.
marginale infection of IDE8 cells by statistical analysis of
mRNA levels in infected and uninfected cells. Some of these
genes were also differentially regulated in tissues of D.
variabilis and R. microplus ticks infected with A. marginale.
The sequences of the 9 genes that were confirmed to be
differentially regulated in response to A. marginale infection of
IDE8 tick cells were then used for functional analysis by RNAi
in D. variabilis and IDE8 tick cells. Four genes (encoding
putative GST, salivary selenoprotein M, vATPase, and ubiqui-
tin) had significantly lower A. marginale infection levels after
RNAi in D. variabilis guts and/or salivary glands. Six genes
(encoding putative selenoprotein W2a, hematopoietic stem/
progenitor cells protein-like, proteasome 26S subunit, ferritin,
GST, and subolesin control) affected A. marginale multi-
plication in IDE8 tick cells after RNAi.Discussion
Studies of the molecular events that mediate interactions
between hosts and A. marginale have been the focus of recent
investigations [3,5,9]. However, most of this research has
focused on the vertebrate host-pathogen interactions rather than
those of the tick and pathogen. While outer membrane proteins
of A. marginale that are involved in interactions with tick cells
have been partially characterized [5,9], tick-pathogen coevolu-
tion is most likely highly influenced by genetic traits of the
vector. Recently, tick proteins have been characterized that play
a role in the infection and transmission of Borrelia burgdorferi
[13–15] and A. phagocytophilum and/or A. marginale [10,16].
Furthermore, genetic factors have been associated with
intraspecific variation in vector competence for a variety of
vector-borne pathogens, including A. marginale [17,18]. These
results illustrate the complexity of tick-pathogen coevolution
relationships and suggest that genetic loci of both the vector and
the pathogen are required for infection and transmission of
pathogens by ticks [5].
Few studies have characterized gene expression in ticks in
response to pathogen infection. Differential gene expression has
been characterized in Ixodes ricinus and I. scapularis infected
with B. burgdorferi [19,20], in D. variabilis in response to
Table 3
A. marginale infection levels in D. variabilismale guts and salivary glands after
RNAi
Experimental
group
Infection levels
in the guts
after AF
(A. marginale/
tick±SE)
Infection levels
in the guts
after TF
(A. marginale/
tick±SE)
Infection levels
in the salivary
glands after TF
(A. marginale/
tick±SE)
1I1H6 (GST) 25±15⁎ 99,060±68,462 2±0⁎
1I3A8 364,245±439,264 1854±164 571±473
1I3F5 (ubiquitin) 2±0⁎ ND ND
1I4C6 (vATPase) 81±5⁎ 795±227 247±205
2I1F6 718±481 313,957±73,403 12,846±5,880
2I3A3 88,204±70,610 2392±904 39±2
2I3G1 556±106 20,877±3387 21±13
2I4F6 (salivary
selenoprotein M)
389,095±282,048 1451±443 2±0⁎
UP8 5360±1059 1891±342 30±35
TGST (GST) 182±82⁎ 19,201±1967 2±0⁎
Subolesin 814±122 1517±1025 2±0⁎
Saline control 40,579±6993 28,252±27,788 287±144
The A. marginale infection levels were analyzed in D. variabilismale ticks after
RNAi. Salivary glands and/or guts were dissected from five ticks after AF and
TF and analyzed by quantitative msp4 PCR to determine A. marginale infection
levels. Infection levels in tick guts and salivary glands were compared between
dsRNA- and saline-injected ticks by Student's t test. The putative function of
tick genes targeted by RNAi is indicated in parentheses for experimental groups
with statistically significant differences. ND, not determined because ticks did
not survive RNAi.
⁎ p≤0.05.
Table 4
A. marginale msp4 mRNA levels in IDE8 tick cells after RNAi
Experimental group Silencing of
gene expression
(%)±SD
Change in A. marginale
msp4 mRNA levels
(average fold with respect
to control cells±SD)
1I3A8 (selenoprotein W2a) 84±2⁎ 4.4±0.3⁎⁎
1I3F5 0±0 NS
1I4C6 93±4⁎ NS
2I1F6 (hematopoietic stem/
progenitor cells protein-like)
55±26⁎ 7.6±1.7⁎
2I3A3 0±0 NS
2I3G1 (proteasome (prosome,
macropain) 26S subunit,
non-ATPase, 7)
77±21⁎ 0.6±0.05⁎
2I4F6 0±0 NS
UP8 (ferritin) 93±2⁎ 0.6±0.03⁎
1I1H6/TGST (GST) 70±29⁎ 0.3±0.16⁎
Subolesin 61±26⁎ 0.5±0.06⁎
The A. marginale msp4 mRNA levels were analyzed in IDE8 tick cells after
RNAi. Total RNA was extracted from infected tick cells after RNAi and
analyzed by quantitative RT-PCR to determine gene expression silencing and
A. marginale msp4 mRNA levels with respect to control cells treated with
unrelated Rs86 dsRNA. Tick genes and A. marginale msp4 mRNA levels were
compared between test and control cells by Student's t test. The putative
function of tick genes targeted by RNAi is indicated in parentheses for
experimental groups with statistically significant differences. NS, not signi-
ficantly different.
⁎ p≤0.05.
⁎⁎ p≤0.01.
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glands of female Rhipicephalus appendiculatus infected with
Theileria parva [24]. These studies have suggested that
pathogens modify the expression of tick genes involved in the
establishment of infection and cellular defense mechanisms.
However, the functions of these genes during tick-pathogen
interactions are largely unknown.
In the study reported herein, we used RNAi for functional
studies of differentially regulated tick genes. RNAi is currently
the most efficient method for the genetic manipulation of gene
expression in ticks [11]. The results of RNAi suggested that the
genes identified as differentially regulated in A. marginale-
infected IDE8 tick cells may perform different functions during
the infection, trafficking, and multiplication of the pathogen in
ticks (Fig. 3) and provided additional evidence for the distinct
role that guts and salivary glands play on Anaplasma infection
and transmission by ticks [25]. The putative GST, vATPase,
and ubiquitin may be involved in the initial A. marginale
infection of tick gut cells. Results of the RNAi experiments
also suggested that GST and salivary selenoprotein M
expression may be involved in trafficking and/or infection
and multiplication of the pathogen in tick salivary glands.
Furthermore, RNAi experiments in IDE8 tick cells provided
evidence that putative selenoprotein W2a and hematopoietic
stem/progenitor cells protein-like may participate in the cellular
response to limit pathogen infection, while proteasome 26S
subunit, ferritin, and GST may enhance A. marginale multi-
plication in tick cells.Some of the tick genes identified as differentially regulated
in response to A. marginale, such as selenoproteins, GST,
vATPase, and ferritin, have been reported to be regulated by tick
blood feeding or infection with other pathogens [19–23,26,27].
However, other genes such as ubiquitin, proteasome 26S
subunit, and hematopoietic stem/progenitor cells protein-like
constitute new findings of tick genes differentially regulated in
response to pathogen infection.
The effects of differentially regulated genes on A. marginale
infection and multiplication in ticks were different from that
produced by subolesin, which has pleiotropic effects on gut,
salivary gland, and reproductive tissues that affect tick feeding,
development, and reproduction [10,28,29]. Except for the
putative ubiquitin and GST, which affected tick survival and
attachment, respectively, RNAi of differentially regulated genes
did not produce notable effects on tick tissues and feeding.
These results suggest that it may be possible to combine tick
proteins that are functionally important for the tick and the
pathogen to produce vaccines for the control of tick infestations
and the transmission of tick-borne pathogens [30].
For some genes studied herein, the results of mRNA
expression analysis were similar between A. marginale-infected
IDE8 tick cells and ticks. These results confirm the utility of
IDE8 tick cell culture, in part, as a model to study Anaplasma-
tick interactions [12]. However, tissue-specific differences in
gene expression between guts and salivary glands and between
ticks and IDE8 tick cells also demonstrated that results in
cultured IDE8 tick cells should be validated in infected and
uninfected tick species that are natural vectors of the pathogen.
Fig. 3. Genes differentially regulated in A. marginale-infected ticks and IDE8 tick cells may have different functions during the infection, trafficking, and
multiplication of the pathogen in ticks. A schematic representation of the A. marginale life cycle in ticks and the putative roles of genes identified in this study is
presented.
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to study A. marginale-tick interactions. The multifaceted
approach of using genomics, proteomics, and real-time RT-
PCR with RNAi functional analysis has allowed the
identification and characterization of tick genes that are
involved in cellular responses to limit pathogen multiplication
or are essential for A. marginale infection and multiplication
in the tick vector. Interestingly, some of these genes had
different expression patterns in tick guts and salivary glands
and affected the A. marginale life cycle at different sites in the
tick, thus supporting our hypothesis that A. marginale
trafficking through ticks and subsequent transmission is
mediated by tick cell gene expression. Experiments will be
required to define further the role of these genes during the A.
marginale life cycle in ticks. The results reported in this study
expand our understanding of the role of tick gene expression
in pathogen development and will likely contribute to the
development of a new generation of pathogen transmission-
blocking vaccines designed to prevent or minimize infections
in vertebrate hosts.
Materials and methods
Experimental design
We first identified tick genes and proteins that are differentially regulated by
A. marginale in I. scapularis IDE8 cells by SSH and DIGE coupled with
MALDI-TOF/TOFMS/MS analysis, respectively. The partial sequences of SSH
clones and DIGE proteins were used to search for sequence identity/homology to
nucleotide and protein databases. Oligonucleotide primers were then designed to
validate differential expression by real-time RT-PCR in uninfected and A.
marginale-infected IDE8 tick cells and D. variabilis ticks. The differential
expression of some genes was also studied by real-time RT-PCR in uninfected
and A. marginale-infected R. microplus. The genes that proved to have
statistically significant differences in the mRNA levels between uninfected and
A. marginale-infected IDE8 tick cells were then selected for functional analysisby RNAi. RNAi was used to characterize the function of selected genes in the
infection and/or multiplication of A. marginale in D. variabilis and IDE8 tick
cells.
Uninfected and A. marginale-infected ticks
D. variabilis male ticks were obtained from the laboratory colony
maintained at the Oklahoma State University, Tick Rearing Facility. Off-host
ticks were maintained in a 12-h light:12-h dark photoperiod at 22–25 °C and
95% relative humidity. To obtain infected D. variabilis, male ticks were fed
for 1 week on a splenectomized calf with ascending A. marginale para-
sitemia that was experimentally infected with the Virginia isolate of A.
marginale. The ticks were then removed and maintained off-host for 4 days
and then fed for an additional week on an uninfected calf. Uninfected ticks
were fed in a similar way on the normal uninfected calf only. R. microplus
male ticks (Mozambique strain) were reared in cattle at the Utrecht Center
for Tick-borne Diseases, Utrecht University. Ticks were infected by feeding
on a calf experimentally infected with the Texas isolate. Uninfected ticks were
fed in a similar way on an uninfected calf. The infection of ticks with A.
marginale was corroborated by msp4 PCR [31]. Animals were housed with the
approval and supervision of the respective Institutional Animal Care and Use
Committees.
Uninfected and A. marginale-infected tick cells
The tick cell line IDE8 (ATCC CRL 11973), derived from I. scapularis
embryos, was cultured as described previously [32]. Briefly, tick cells were
maintained at 31 °C in L15B medium, pH 7.2, supplemented with 5% heat-
inactivated fetal bovine serum (Sigma, St. Louis, MO, USA), 10% tryptose
phosphate broth (Difco, Detroit, MI, USA), and 0.1% lipoprotein concentrate
(ICN Biomedicals, Inc., Costa Mesa, CA, USA), and the culture medium was
replaced weekly. IDE8 tick cells were inoculated with the Virginia isolate of A.
marginale and monitored by stained smears and with phase-contrast microscopy
[32]. The IDE8 tick cell monolayers in T-25 flasks were infected with 1 ml (1:5
dilution) terminal infected cell cultures, in which approximately 100% of the
cells were infected. Flasks were washed two times with PBS and harvested 3
days postinfection (dpi), when approximately 40% of the cells were infected.
Companion cell cultures were terminal at 7 dpi. Uninfected cells were cultured
in the same way but with the addition of 1 ml of culture medium instead of
infected cells. Cells were centrifuged at 10,000 g for 3 min and cell pellets were
Table 5
RT-PCR oligonucleotide primers and conditions for the characterization of the
expression profiles of differentially regulated tick genes
Gene description a Upstream/downstream primer
sequences (5′-3′)
PCR annealing
conditions
I. scapularis sequences
1I1H6 GGTACATGGAATCCGACTGC 54 °C, 30 s
GTCCCCTTTTGCTTCGACTT
ACTACATCGATGGGGACGT 45 °C, 30 s
AYKTYYYKGAGCAGCAGG
1I3A8 GACGCAAAACTTCCTTCGAG 54 °C, 30 s
GCACTTTCCAAGAGCCTGAC
1I3F5 GCTTTCACGTTTTCGATGGT 50 °C, 30 s
GGCAAAGATCCAAGACAAGG
1I3H6 GCCTAGGGAGGACGTCGTAG 50 °C, 30 s
ACGTGGAACACATCGAGTCA
1I4C6 AATGCGAGACACTGGAGGAC 50 °C, 30 s
AATCCAGGAATGTTGCCAAG
1I4G12 GACGGACCTTGTCCGACTAC 53 °C, 30 s
ATTCCCTCCTTGTCCTGGAT
1I5B9 CGTCCCCTTCTGTGGAATTA 53 °C, 30 s
TCATCGTTGTTCTGGTCTCG
2I1C2 GAGACCATCAAGTGGCTGGA 53 °C, 30 s
CTTGGTGATGATGGGGTTG
2I1F6 CAACCCCAAGATCGTCAACT 53 °C, 30 s
ACGCGTCCTTACGTTTCACT
2IP10 TCTTGCCGGTCAGAGTCTTT 53 °C, 30 s
GAAGGCGAAAATTCAGGACA
2I3A3 TAAAACCCCTTTCCCCACTT 53 °C, 30 s
GCACTCGAACCTAGCAAACC
2I3A7 TCGACTCTGTTCAGGAGGAAG 53 °C, 30 s
GGTCCAAATGGCAGAGCAT
2I3G1 AGGAAGTGCACGATGATGG 54 °C, 30 s
GGTTGGTTATCCTCTGGGAGA
2I4F6 CTTTCTTGCCGTGCTTCTTT 53 °C, 30 s
GCTCAACTTCCTCGTCGTTC
UP8 CCTCCCTCGCTAACCTCTCT 54 °C, 30 s
ATCGTCACGGTCGAAGTAGC
U2A8 GCTCATCGTCGCCAACAT 54 °C, 30 s
GAGTTCCTCCGTCCAGCTC
U3A10 GCCTATGGCCTTTCTCCTTT 53 °C, 30 s
ATCTGACTTCGGTGCCATTC
β-Actin (AF426178) GAGAAGATGACCCAGATCA 50 °C, 30 s
GTTGCCGATGGTGATCACC
D. variabilis sequences
GST (DQ224235) ATTGGTGCAGGACCATTCTC 57 °C, 30 s
GGCATATCTGCACGACAGAA
Ferritin (AY277904) GAGCGTGAACATGCTGAGAA 57 °C, 30 s
CAGCTGAGCGTCATTGTGAT
R. microplus sequences
GST (AF077609) GGCTGAACGAGAAGACCAAG 55 °C, 30 s
CAGGGTTGTAGCACAGACGA
Selenoprotein (TC3882) CGTGACTGGCACAGTAGGAC 55 °C, 30 s
GAGCAAATGTCCAACGAGGT
Ferritin (AY277902) CTCAGCCCCGTCAGAACTAC 55 °C, 30 s
CTCCTCATCGCTGCTCTTCT
β-Actin (AY255624) CACGGTATCGTCACCAACTG 55 °C, 30 s
TGATCTGCGTCATCTTCTCG
a IDs for I. scapularis ESTs are described in Table 1. GenBank accession
numbers are shown in parentheses for R. microplus and D. variabilis sequences.
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A. marginale was corroborated by msp4 PCR [31].
Suppression–subtractive hybridization
Total RNA was isolated from three uninfected and three A. marginale-
infected IDE8 cell cultures at 3 dpi using TriReagent (Sigma) according to the
manufacturer's instructions. RNA quality was checked by gel electrophoresis to
verify the integrity of RNA preparations. Pools of 21 μg RNAwere made from
uninfected (Ns=3; 7 μg RNA/each) and infected (N=3; 7 μg RNA/each) tick
cells. SSH was performed at Evrogen JCS (Moscow, Russia) as described
previously [33]. Tester and driver RNAs were subtracted in both directions to
construct two SSH libraries enriched for differentially regulated cDNAs in
uninfected (reverse-subtracted) and infected (forward-subtracted) tick cells.
Approximately 100 clones from each library were randomly picked and
subjected to differential hybridization with subtracted and nonsubtracted probes
using the PCR-select differential screening kit (Clontech, Palo Alto, CA, USA),
which resulted in N95% candidate differentially regulated cDNAs. Then, 400
clones from the forward-subtracted library and 100 clones from the reverse-
subtracted library were sequenced from one end of the pAL-16 vector with
vector-specific primers.
Sequence analysis and database search
Partial sequences were determined for 455 of the 500 sequenced SSH
library clones. Multiple sequence alignment was performed using the program
AlignX (Vector NTI Suite version 8.0, InforMax; Invitrogen, Carlsbad, CA,
USA) to exclude vector sequences and to identify redundant (not unique)
sequences. Searches for sequence similarity were performed with the BLASTN
program (http://www.ncbi.nlm.nih.gov/BLAST) against the nonredun-
dant sequence database (nr) and databases of tick-specific sequences (http://
www.vectorbase.org/index.php; http://www.tigr.org/). Protein ontology was
determined using the protein reference database (http://www.proteinlounge.
com).
Proteomics analysis
Approximately 106 uninfected and A. marginale-infected cells at 3 dpi
were pooled from three independent cultures prepared as described above and
used to perform proteomics analysis at Applied Biomics (Hayward, CA, USA;
http://www.appliedbiomics.com) by the DIGE technique [34] according to the
manufacturer's protocol. Briefly, cell samples were lysed in 2D lysis buffer
containing 30 mM Tris-HCl, pH 8.8, 7 M urea, 2 M thiourea, and 4% Chaps
electrophoresis reagent (Sigma) and sonicated for 5 s using VirSonic 100
(VirTis, Gardiner, NY, USA) at power level 4. After vigorous shaking at room
temperature for 30 min, cell lysates were cleared by high-speed centrifugation
for 30 min at 4 °C. Supernatants were then transferred to fresh Eppendorf
tubes and protein concentration was adjusted for each sample to 5 mg/ml with
the lysis buffer. Infected and uninfected samples were labeled with Cy5 and
Cy3, respectively (Amersham Biosciences, Inc., Piscataway, NJ, USA). An
internal pool was generated by combining equal amounts of lysates from each
cell sample and this pool was labeled with Cy2 dye and was included in all gel
runs to aid cross-gel statistical analysis. After second-dimension SDS-PAGE,
the gel was scanned using the Typhoon Trio scanner (Amersham Biosciences)
and images were analyzed using ImageQuant software (Amersham Bios-
ciences). The resulting gel was then visualized by Sypro Ruby staining.
Statistics and quantification of protein expression were carried out in DeCyder-
differential in-gel analysis software (Amersham Biosciences). Protein spots
with greater than twofold change between infected and uninfected cells were
excised from the gel using an Ettan spot picker (Amersham Biosciences) and
digested with trypsin and protein mass spectra were obtained by MS and MS/
MS analysis using a MALDI-TOF/TOF mass spectrometer (ABI-4700;
Applied Biosystems, Inc., Foster City, CA, USA; ACHC matrix) [34,35].
For sequence identification, peptide mass fingerprinting was performed with
the Mascot search engine (Matrix Science, Boston, MA, USA) and NCBI and
SwissProt protein databases were searched (two variable modifications,
carbamidomethyl and oxidation, one missed cleavage; precursor tolerance,100 ppm; MS/MS tolerance, 0.3D). A match was considered successful when
de novo sequences were derived from high-quality mass spectra and the
peptide score was N95%.
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The same RNA samples prepared as described above for SSH from three A.
marginale-infected and three uninfected IDE8 tick cell cultures were used for
real-time RT-PCR analysis. Total RNA was extracted as described above from
uninfected and A. marginale-infected maleD. variabilis guts and salivary glands
(three groups of 10 ticks each) and from pooled uninfected and A. marginale-
infected male R. microplus salivary glands for real-time RT-PCR analysis. Two
primers were synthesized based on the sequences determined for candidate
differentially regulated genes in IDE8 tick cells and used for real-time RT-PCR
analysis of mRNA levels in uninfected and A. marginale-infected IDE8 tick cells
and male D. variabilis ticks. Identical sequences were mined for some genes in
D. variabilis (GST and ferritin) and R. (Boophilus) microplus (GST, ferritin, and
selenoprotein) sequence databases and used to synthesize primers for real-time
RT-PCR analysis of mRNA levels in uninfected and A. marginale-infected male
tick tissues. Real-time RT-PCR was done using the QuantiTec Sybr Green RT-
PCR kit (Qiagen, Valencia, CA, USA) and a Bio-Rad iQ5 thermal cycler
(Hercules, CA, USA) following the manufacturer's recommendations and using
the oligonucleotide primers and PCR conditions described in Table 5. mRNA
levels were normalized against tick β-actin using the comparative Ct method.
mRNA levels were compared between infected and uninfected IDE8 tick cells
and ticks by Student's t test (p=0.05).
RNA interference in ticks
Oligonucleotide primers homologous to pAL-16 SSH vector plasmid
sequences and containing T7 promoters for in vitro transcription and synthesis
of dsRNA (PAL5T7, 5′-TAATACGACTCACTATAGGGTACTGGCG-
GCCGCGGGAATTCGAT, and PAL3T7, 5′-TAATACGACTCACTATAGGG-
TACTGCCGCGAATTCACTAGTGAT) were synthesized to amplify selected
tick cDNAs. For GST dsRNA synthesis, oligonucleotides were designed to be
homologous to reported tick sequences (GST5T7, 5′-TAATACGACTCACTA-
TAGGGTACTACTACATCGATGGGGACGT, and GST3T7, 5′-TAATAC-
GACTCACTATAGGGTACTAYKTYYYKGAGCAGCAGG). D. variabilis
subolesin dsRNA was synthesized as described previously [10,28]. PCR and
dsRNA synthesis reactions were performed as described previously [10,28],
using the Access RT-PCR system (Promega, Madison, WI, USA) and the
Megascript RNAi kit (Ambion, Austin, TX, USA). The dsRNAwas purified and
quantified by spectrometry.
Male D. variabilis ticks were injected with approximately 0.4 μl of dsRNA
(5×1010−5×1011 molecules per microliter) in the lower right quadrant of the
ventral surface of the exoskeleton of the tick [10,28]. The injections were done
on 20 ticks per group using a Hamilton syringe with a 1-in., 33-gauge needle.
Control ticks were injected with D. variabilis subolesin dsRNA (positive
control) or injection buffer (10 mM Tris-HCl, pH 7, 1 mM EDTA) alone (saline
negative control). We have previously demonstrated that there is no difference
between using an unrelated dsRNA or injection buffer alone for negative control
ticks in tick RNAi experiments [28]. The ticks were held in a humidity chamber
for 1 day after which they were allowed to feed for 7 days on a splenectomized
calf that was experimentally infected with the Virginia isolate of A. marginale
(rickettsemia during tick feeding, 4.8–35.9% infected erythrocytes). Unattached
ticks were removed 2 days after infestation. All ticks were removed after 7 days
of feeding and held in a humidity chamber for 4 days to allow ticks to digest the
bloodmeal completely to detect only those pathogens that had infected gut cells.
Guts were then dissected from 5 ticks and stored in RNAlater (Ambion) for
extraction of DNA and RNA to determine the A. marginale infection levels by
msp4 quantitative PCR [31] and to confirm gene knockdown by RT-PCR using
sequence-specific primers (Table 5) as described above. The remaining ticks
were allowed to feed for 7 days on a sheep to promote development of A.
marginale in tick salivary glands. Salivary glands and guts were dissected from
5 ticks and processed for RNA and DNA studies as described above for the guts.
Animals were cared for in accordance with standards specified in the Guide for
the Care and Use of Laboratory Animals. mRNA levels and A. marginale
infection in tick guts and salivary glands were compared between dsRNA- and
saline-injected ticks by Student's t test (p=0.05). Tick attachment was evaluated
as the ratio of attached ticks 48 h after infestation on the calf to the total number
of ticks. Tick mortality was evaluated as the ratio of dead ticks after AF on the
calf or TF on the sheep to the total number of fed ticks. Tick attachment andmortality were compared between dsRNA- and saline-injected ticks byχ2 test as
implemented in Mstat 4.01 (α=0.01).
RNA interference in tick cells
A flask of IDE8 tick cells with a terminal infection of A. marginale (Virginia
isolate) was disrupted and used to infect two T-25 flasks of uninfected tick cell
monolayers. The cells were collected 2 dpi and used to seed two 24-well plates at
6×105 cells/well. Cells were cultured for 24 h to allow attachment and incubated
with the I. scapularis dsRNAs described above for RNAi in ticks. The unrelated
Rs86 dsRNA [36] was used as negative control. Each well received a mix of
10 μl dsRNA (5×109−5×1010 molecules per microliter) and 90 μl L15B
medium and incubated for 24 h. Two wells were used for each treatment. After
24 h, 1 ml of L15B medium was added to each well. Medium was replaced after
24 h. Cells were harvested at 4 days posttreatment, centrifuged, washed once
with PBS, and used to purify RNA as described above. A. marginale msp4
mRNA levels were determined by real-time RT-PCR as described above using
oligonucleotide primers MSP4A.m5, 5′-GACGTGCTGCACACAGATTT, and
MSP4A.m3, 5′-CTCATCAAATAGCCCGTGGT. Gene expression silencing
was confirmed by RT-PCR using sequence-specific primers (Table 5) as
described above.
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